Microstructures in martensites and effects of uniaxial stress, magnetic field and hydrostatic pressure on martensitic transformations, which were investigated by the author, are briefly summarized. Unsolved problems related to this investigation are pointed out and some ideas are proposed to solve the problems. Interactions between lattices and electrons should be clarified in order to establish the cause of martensitic transformation. In particular, the exact electronic band structure at Brillouin zone boundaries should be delineated, and whether martensitic nuclei are indeed grown from precursory strained regions in matrix phases should be clarified. How the precursory strained region is related to the lattice invariant strain considered in the phenomenological crystallographic theory for martensitic transformations and actually observed by TEM should also be clarified. Some other future research subjects, such as the effects of uniaxial stress, magnetic field and hydrostatic pressure on martensitic transformations, and various related functions, such as shape memory effect and superelasticity, are further pointed out.
Beginning Remarks
The forty-seventh Gold Medal of the Japan Institute of Metals was awarded to the present author for his contributions to fundamental studies on the martensitic transformations, associated shape memory effects and superelasticity, and the effects of uniaxial stress, magnetic field and hydrostatic pressure on them. His studies have been carried out for 50 years since his graduation from Tohoku university, under the guidance of his adviser, the late Professor Zenji Nishiyama, and under the cooperation of his coworkers and graduate students. On this occasion, first of all, the author would like to express his sincere appreciation to them for their guidance and cooperation.
It was recently reported 1) that a martensitic microstructure was observed in a steel tool, a mining pickax, which was estimated to be used some time from the B.C. 13 to 12 Century and was excavated in the western part of Palestine in 1976. This microstructure gave a great impression on the author since it indicated that quench-hardened steels were already existent in ancient times. However, the mechanism of quench hardening of steels became an academic research subject in the 1860's, and in the 1900's, it was widely considered to be related to a transformation from the austenite (abbreviated A hereafter) phase to the martensite (abbreviated M hereafter) phase. The A to M phase transformation was confirmed to proceed without diffusion of constituent atoms in the 1920's, and thereafter, it has been extensively studied from the viewpoint of the diffusionless mechanism. Readers should refer to those early studies on quench hardening and A to M transformation in Ref. 2) .
tering has also been observed at the 1/3 positions of X-ray and electron diffraction patterns taken from the bcc A phase crystals. Another lattice softening for the elastic constant c 44 corresponding to the {100} 001 shear wave has also been reported to occur in Ti-Ni and Au-Cd alloys.
3) Similar precursory phenomena have also been observed in Ni-Al and Fe-Pd alloys, and a tweedlike pattern has correspondingly been observed in their transmission electron microscopy (TEM) images. Such precursory phenomena of lattice softening have been observed in many bcc alloys and a fcc Fe-Pd alloy, whereas neither the lattice softening nor the tweedlike pattern has been reported for almost all fcc ferrous alloys. Since the fcc alloys have a close packed structure, not the bcc structure, and should originally be stable, what kind of lattice instability should be considered for the M transformation in ferrous fcc alloys? This question is due to be solved in the near future, although a magnetic anisotropy may be imagined as its cause.
Here, a recent study by Murakami and Shindo 4) will be introduced, in which precursory phenomenon to M transformation and the nucleation and growth behavior of M crystals were examined in detail using a new technique. That is, they carried out in-situ TEM observation of a Ti-Ni-Fe shape memory alloy exhibiting a thermoelastic M transformation, using a high-resolution TEM technique, where inelastic scattering of electrons was eliminated using an energy filter. The Ti-Ni-Fe shape memory alloy is known to exhibit the R phase transformation prior to the M transformation, where its transformation start temperature is expressed as R s ; this transformation is also a kind of M transformation. According to the in-situ observation, as the specimen temperature approachs R s , electron reflections at the 1/3 positions of the 110 reciprocal lattice vectors of the A phase shift from incommensurate positions to commensurate positions. On the other hand, spheroids smaller than 5 nm in diameter become visible and invisible homogeneously over the entire area of the A matrix phase irrespective of lattice defects such as dislocations and inclusions. Figure 1(a) shows a dark-field image obtained by using a shifting 1/3 reflection, in which spheroids are marked with arrows. When the specimen temperature was decreased by a few degrees, another kind of spheroids which were larger than 5 nm in diameter became visible also homogeneously, as shown by arrowheads in Fig. 1(b) , and they exhibited only growth. Murakami and Shindo interpreted the former spheroids to be strained regions of the {110} 110 shear wave and the latter ones to be nuclei of R phase transformation. If the formation of the former spheroids corresponds to a precursory phenomenon to R phase transformation, the spheroidal shape is greatly different from the tweedlike pattern observed in the above-mentioned Ni-Al and Fe-Pd alloys. They considered the difference to be caused by a difference in the elastic anomaly constants of the Ti-Ni-Fe and the two other alloys.
Saburi and Nenno 5) carried out a similar in-situ TEM observation, though the magnification was not as high as that in the observation by Murakami and Shindo. They observed thin foils of a Ti-Ni-Cu shape memory alloy, changing the temperature by adjusting the electron beam intensity, and identified plate-shaped M crystals that were nucleated and grown at dislocation lines along boundaries between inclusions and the matrix. The Fe-Ni-Cu shape memory alloy exhibits an orthorhombic M phase, not the R phase, as an intermediate phase. Figure 2 is a series of bright-field TEM images obtained by in-situ observation, showing dislocation lines on the surface of inclusions, (a), and plate-shaped M crystals nucleated and grown at the dislocation lines, (b). Circular fringes seen in the M crystals are thought to be due to interference between electrons reflected from the upper and lower matrix crystals of the thin M crystal plates inclined toward electron beams. The M crystals are known to be heterogeneously nucleated. Displacive and diffusionless M transformations are known to proceed also by a nucleation and growth mechanism, as in the case of precipitation transformation. Therefore, the spheroids in Fig. 1(b) and the fringed plates in Fig.  2 (b) are reasonably inferred to be R phase crystals homogeneously nucleated in the matrix and orthorhombic M crystals heterogeneously nucleated and grown at dislocations, respectively. The R phase and orthorhombic M phase are considered to be identical in their nucleation and growth behavior, though their crystal structures differ. However, it is not conclusively shown whether the former spheroids grow into the latter plates or the latter plates are grown from the former spheroids. This problem is expected to be solved experimentally from each of these points of view in the near future. 
Microstructures in M crystals (lattice invariant strain)
A double shear mechanism was proposed in 1941 for displacive and diffusionless M transformations, which consistently explained the then-known orientation relationships, irrational habit planes and shape changes (occurrence of surface relief and scratch bending on the M crystal surface) associated with the transformations. In the mechanism, microscopic deformation was assumed to occur as a second shear in M crystals, and the identification of the second shear was a research subject over several years to about 1950. 6) Thus, the author's advisor, the late Professor Zenji Nishiyama, decided to purchase an electron microscope in 1951 in order to find traces of microscopic deformation, and he advised the present author to carry out electron microscopy observations of microscopic deformation.
Meanwhile, in 1953 and 1954, phenomenological crystallographic theories were developed, under the assumption that a displacive M transformation could be described by a linear transformation between A and M lattices and that shape change during the M transformation was due to an invariant plane strain along the habit plane. 6) In those theories, lattice invariant strain was also assumed to occur in M crystals. Nishiyama had been searching for it a few years before the phenomenological crystallographic theories were developed, indicating that he was a foresighted man. Thus, he and the author were the first to find striations due to the lattice invariant strain on the surface relief and the etched surface of the M crystals in an Fe-Ni alloy and a high-carbon steel, 7) respectively, by a replica method of electron microscopy. They also soon found dislocations, stacking faults and twin faults in M crystals through TEM observations of thin foils of various ferrous alloys and noble-metal-based β phase alloys. They thus concluded that such lattice imperfections inevitably exist in all M crystals as a trace of lattice invariant strain. 8) Crystallographic data calculated based on the phenomenological theories assuming a lattice invariant strain system are sometimes inconsistent with experimentally measured ones. In such cases, however, adoption of another lattice invariant strain system results in good consistency between phenomenologically calculated and experimentally measured data. A recent study by Otsuka 9) on this consistency will be introduced below. According to previous studies on lattice invariant strain, perfect slip, imperfect slip and twinning occur in M crystals, leaving dislocations, stacking faults and/or twin faults, respectively, as have been observed by TEM. In some cases of twinning, phenomenologically calculated crystallographic data are not consistent with experimentally measured data. That is, when lattice invariant strain is assumed to be type I twinning whose twin plane is invariant and unrotated one (K 1 ) ((112) bcc in ferrous alloys and (111) 2H in noble-metal-based alloys), calculated habit planes are consistent with measured ones for ferrous alloys such as Fe-Pt, Fe-Ni and Fe-Al-C and for noble-metal-based alloys such as Au-Cd and Ag-Cd, but not for Cu-Al-Ni, Cu-Sn and Ti-Ni nonferrous alloys. However, when lattice invariant strain for the nonferrous alloys is assumed to be type II twinning whose twin plane is another invariant but rotated one (K 2 ), almost perfect consistency is obtained between calculated and observed habit planes, and the assumed type II twinning system Table 1 Correlation between twinning mode in martensite and transformation mode of some shape memory alloys (after Otsuka 9) ).
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Twinning mode Transformation mode
Type II B2 → Monoclinic is indeed observed. As shown in Table 1 , therefore, type I and II twinnings are concluded to be lattice invariant strain in M crystals produced from the DO 3 and B2 matrices, respectively. Otsuka explained the occurrence of the two kinds of twinning to be due to some difference in the atomic arrangement and strain near the twin boundaries in M crystals produced from different ordered structures of matrices. Coherency strain between M and A lattices and the constraint effect of the A matrix on the M crystal should also be considered as other causes. Furthermore, the constraint effect may be different between shape memory and ferrous alloys, where four M variants form a group in the former alloys but one or two variants form a group in the latter alloys, due to a self-accomodation effect of transformation strain. These are expected to be more quantitatively clarified in the near future. The phenomenological crystallographic theory explains what kind of phenomena occur but not how the phenomena proceed during M transformations, and therefore the theory is not a real one. This is why the theory is called phenomenological. However, the phenomenological theory predicts the crystallographic data well, and moreover, the invariant plane strain and lattice invariant strain assumed in the phenomenological theory have actually been observed. Thus, the theory is acknowledged to be resonable, and in fact, has been used to analyze the recoverable strain associated with M transformations in shape memory alloys. However, the invariant plane strain and lattice invariant strain must be correlated to the shear along {110} and/or {100} planes which are considered to be precursory phenomena to M transformations from bcc to close-packed stacking order structures. This will be an important problem in the future because it is related to another final goal of the elucidation of M transformation mechanisms. Uniaxial stress may induce M transformations, as will be discussed in the next section, and is considered to affect lattice invariant strain in M crystals. Therefore, the clarification of how the lattice invariant strain in the stress-induced M crystals differs from that in thermally induced ones may become a future subject of study.
Uniaxial Stress Effects and Shape Memory Effect and Superelasticity

Uniaxial stress effects 10)
As has been mentioned, M transformations proceed by a shearlike process and therefore, if uniaxial stress is applied parallel to the shear direction, M transformations should be promoted by the stress. In fact, M transformations are induced above M s in many alloys by loading. Such a phenomenon and stress for inducing M transformation are called the stress-induced M (SIM) transformation and the critical stress for M transformation, respectively, and their thermodynamics are almost completely clarified. According to the thermodynamics, M s increases linearly with stress following the Clausius-Clapeyron equation. Such a linear relationship between M s and stress has actually been verified for many shape memory alloys exhibiting a thermoelastic M transformation. Therefore, if test temperature and transformation strain are known and they are inserted into the equation, the enthalpy change associated with M tranformation can be determined; thus the equation has widely been utilized for thermodynamical analyses of shape memory alloys. 10) In many ferrous alloys exhibiting nonthermoelastic M transformations, plastic deformation occurs before SIM transformations start when the alloys are loaded, because the critical stress for plastic deformation is lower than that for SIM transformations. Therefore, the Clausius-Clapeyron equation does not hold over a wide temperature range. The upper limit of the temperature range where the equation holds is called M d , and the M transformation induced at temperatures above M d is partly described as strain-induced, because it was induced after the strain due to plastic deformation was generated. However, some other researchers have insisted 11) that, even though a M transformation is induced after the occurrence of plastic deformation, it should be called SIM transformation because it is induced by stress caused by plastic strain. In any case, SIM transformations occur regardless of thermoelastic or nonthermoelastic M transformations.
M transformations are classified as either thermoelastic or nonthermoelastic, as mentioned above, and also as athermal or isothermal depending on whether the amount of transformations is temperature-dependent or time-dependent, respectively. The former thermoelastic and nonthermoelastic transformations are athermal; almost all M transformations are athermal. Uniaxial stress raises M s , as mentioned above, and has recently been shown, in the case of an isothermal M transformation, to make the nose temperature and the incubation period shift to lower and shorter sides, respectively, of the TTT diagram. A phenomenological thermodynamic theory which considers magnetic-field-induced M transformations has recently been proposed for the nucleation of M crystals, as will be described in the next section. According to the theory, uniaxial stress and magnetic field promote M transformations, whereas they reduce the driving force for nucleation of M crystals, compared to the case without external forces. The smaller driving force is considered to cause the nose temperature and incubation period shifts; these shifts were experimentally verified for the case of magnetic field-induced M transformations, and showed good agreement with the calculated ones. Such a verification is also expected for the case of uniaxial stress-induced M transformations in the near future.
It should be mentioned here that uniaxial stress also affects crystal structures of M crystals in noble-metal-based shape memory alloys. The crystal structures are of various kinds of long-period stacking orders with a common close-packed basal plane originating from the {110} plane of the DO 3 -or B2-type ordered A phase. Since atoms with different diameters are arranged regularly in the basal planes with various stacking orders, the c-axis is generally inclined toward the basal planes, 12) and the crystal structure is distorted to a monoclinic lattice, except for the 2H structure. The monoclinicity angle β varies depending on the magnitude of uniaxial stress, though it also depends on various other factors, such as the long-range order parameter, aging, and heating and cooling cycles.
Shape memory effect and superelasticity
10, 13)
Figure 3 14) shows stress-strain (s-s) curves for a Cu-14.5Al-4.4Ni (mass%) shape memory alloy single crystal obtained by tensile testing at four temperatures. Figure 3(a) was obtained at 113 K below M f , and an elongation caused by stress-induced rearrangement of existing M crystals is observed. The elongation remains upon unloading, and thus the single crystal specimen is apparently deformed, because the M crystals are thermodynamically stable at this temperature. However, the elongation completely recovers, when the specimen is heated to a temperature above A f and the deformed M crystals are transformed back into the A phase with the original orientation. This is the shape memory effect. Figure 3 That is, the former SIM is of a wedge shape with a 2H-type stacking order structure, γ 1 , which is identical to the thermally induced one below M s , and the latter SIM is of a plate shape with an 18R-type stacking order structure, β 1 . The superelasticity associated with SIM transformations is now widely applied in many industrial and medical fields, and active examinations of the effects of alloy composition, an additional third element, ageing, grain size and shape, orientation dependence (especially of single crystals), and sense of stress (tension or compression) are carried out. 15) As mentioned above, γ 1 and β 1 M crystals are induced Fig. 3 Stress vs. strain curves as a function of temperature for a single crystal of Cu-14.5Al-4.4Ni (mass%) shape memory alloy. 14) from the β 1 matrix due to stress generated upon loading CuAl-Ni shape memory alloys. Furthermore, other M crystals with different stacking order structures are successively induced when the alloys are further loaded. That is, when γ 1 M crystals induced thermally or by stress at temperatures below or above M s , respectively, are further loaded, β 1 and α 1 M crystals with 18R-and 6R-type stacking order structures, respectively, are successively produced. When another β 1 M crystal induced by stress at temperatures above M s is further loaded, α 1 M crystals are produced. These successively stress-induced M crystals exist only under stress, and therefore they successively revert back to the original phase upon unloading, causing the strain associated with the stressinduced forward transformation to disappear. This is multistage superelasticity, which is of great interest for applications, since the recoverable strain reaches as large as about 20%. Existing regions of the γ 1 , β 1 and α 1 SIM crystals in temperature-stress coordinates are delineated by measuring the critical stresses at which those SIM's are induced, and the coordinates will be very useful for the practical application of the multistage superelasticity.
10)
Since the γ 1 , β 1 and α 1 M crystals have stacking order structures with a common close-packed basal plane, SIM transformations among them are considered to proceed solely through a change in their stacking order throughout the entire crystal. However, M crystals of one structure were observed to be nucleated within a M crystal of an other structure, and exhibited a thick or thin plate or wedge shape, as multivariant M crystals are formed in a matrix crystal. The habit planes of γ 1 ⇔ β 1 and β 1 ⇔ α 1 transformations are not parallel and parallel, respectively, to their basal planes, (001). This may be because the lattice invariant strain in γ 1 M crystals is twinning while that in β 1 and α 1 M crystals is imperfect slip, leaving stacking faults. The change of the lattice parameter may differ between the γ 1 ⇔ β 1 and β 1 ⇔ α 1 transformations, and the difference may also be a cause of the difference in habit planes.
Magnetic Field Effects
The magnetic field effects on M transformations were first studied by Russian researchers in the 1960's, and now systematic studies, which enable a clarification of their fundamentals, have been carried out by the present author's group. They have studied the magnetic field-induced M transformations in detail using Fe-Ni alloys with different compositions and grain sizes (single crystal and polycrystal), Fe-Ni-C polycrystal alloys with Invar and non-Invar characterisitcs, ordered and disordered Fe-Pt polycrystal alloys, ausaged Fe-Ni-Co-Ti polycrystal alloys, antiferromagnetic Fe-Mn-C polycrystal alloys, and Fe-Ni-Mn polycrystal alloys exhibiting athermal and isothermal M transformations. Ultrahigh-strength pulsed magnetic field of as high as 31 MA/m or static magnetic field of 6.3 MA/m was applied to these alloys, and their magnetization, magnetic susceptibility and electrical resistance were measured. As a result, many new results have been obtained, as will be described below.
Main magnetic factors for magnetic-field-induced M transformations
In some ferrous alloys, M transformations could be induced by applying magnetic field at temperatures above M s , similarly to uniaxial loading. In some cases, M s was raised by as much as 80 K by applying a magnetic field of 30 MA/m. An equation representing the relationship between the increase of M s and the strength of the applied magnetic field was newly proposed by the author's group 16) in 1985. It agrees well with the measured relationship. According to the equation, the increase of M s depends on five factors, that is, the difference between the magnetizations of A and M crystals, high magnetic field susceptibility of the A crystal, volume change during M transformation, forced volume magnetostriction, and bulk modulus of the A crystal, as well as on the strength of the applied magnetic field. Of these, however, the main magnetic factors are the first, second and fourth ones above. The fourth factor is effective only for Invar alloys, and hence the first and second factors are effective for non-Invar alloys. Moreover, the second factor is small for a Fe-Mn-C alloy, making it negligible for M transformation from an hcp ε lattice to a bcc or bct α lattice in the alloy, which indicates that only the first factor is effective.
Appearance of magnetoelastic M transformations
As has been mentioned, M transformations induced by cooling or loading revert reversibly and thermoelastically to their A matrix phase upon heating or unloading, respectirely. Similarly, a reversible and magnetoelastic M transformation has recently been found by the author's group 17) for the magnetic-field-induced M transformation in a ferrous alloy, in which M crystals appear only while magnetic field is being applied and then reversibly disappear when the magnetic field is removed. As will be described later, the magneticfield-induced M crystals are formed preferentially along habit planes parallel to the direction of applied magnetic field, and therefore, the specimens may be deformed, i.e., elongated or contracted, along its direction. The deformation, however, recovers reversibly upon removing the magnetic field, and thus the specimen may exhibit superelasticity, as in the case of stress-induced M transformations. The magnetically realized superelasticity is also of interest for some industrial applications.
It has recently been reported that, when a magnetic field is applied to a magnetic material in its M state, the material deforms due to some rearrangement of M crystal variants. Thus, a magnetic-field-induced shape memory effect arise if the deformed material is heated to a temperature above A f and transformed back to the A state, as in the case of a thermally induced shape memory effect. In fact, such an effect is reported to arise in Ni 2 MnGa and Fe 3 Pt ordered and Fe-Pd disordered alloys, although the shape recovery is not perfect. These alloys are now extensively studied on a worldwide scale. The effect in the Fe 3 Pt ordered alloy (degree of order is 0.8%) will be introduced briefly. Figure 4 18) shows the relationship between the magnetic field and magnetostriction of the alloy. It is seen in the figure that 2.3% contraction occurs upon applying magnetic field and 0.6% strain is recovered upon removing the magnetic field, although the cause of this partial shape recovery is not yet known. The remaining 1.7% con- traction may be completely recovered if the alloy is heated to above A f , as in the case of the ordinary shape memory effect. The shape recovery of 0.6% upon removing the magnetic field can be eliminated by applying a magnetic field in the opposite direction. The 0.6% strain is repeatedly produced and eliminated by changing the direction of magnetic field, that is, partial superelasticity is realized. However, the shape memory effect can not be realized only by removing magnetic field, even though it is realized upon heating to a temperature above A f . Moreover, magnetic-field-induced M transformation does not occur in Fe 3 Pt alloy at temperatures above its A f , because the magnetizations of A and M crystals do not differ from each other; therefore, perfect superelasticity can not be realized only by manipulating the magnetic field. It is hoped that alloys exhibiting both a perfect magnetic-field-induced shape memory effect and perfect superelasticity will be developed in the near future.
Preferred orientation of magnetic-field-induced M crystals
It has long been known that the ease of magnetization differs depending on crystal orientation, 100 and 111 directions being the easy and difficulty directions, respectively, for iron and vice versa for cobalt. In addition to such a magnetic anomaly the author's group recently found for the first time, another anomaly for magnetic-field-induced M transformations. That is, M crystals are formed preferentially on habit planes nearly parallel to the direction of application of the magnetic field. When the magnetic field was applied parallel to the length of strip-shaped single crystals, M crystals were selectively formed on habit planes parallel to the length without regard to crystal orientations. They extended from one end to the other of 7-mm-long strip. Such a preferential formation of M crystals was not observed without a magnetic field. This means that the morphology of M crystals might be controlled by applying a magnetic field. The application of a magnetic field is thus expected to be effective for the development of supermetals and/or supersteels, for which extensive studies are now beginning under way.
Isothermal to athermal conversion of M transforma-
tions As mentioned before, M transformations in almost all alloys are of athermal type, but those in some ferrous alloys are isothermal and exhibit C-shaped curves in their TTT diagrams. An Fe-24.9Ni-3.9Mn (at%) alloy is a typical one exhibiting the isothermal M transformation, whose nose temperature is known to be 153 K; M crystals are never observed at 4.2 K. However, when a high magnetic field is applied at 4.2 K, M transformation occurs, accompanied by an abrupt increase of magnetization. It is thus concluded that no essential difference exists between the isothermal and athermal M transformations, though there is a difference in their driving force. Therefore, if the difference in driving force is supplemented by applying a magnetic field, athermal M transformation may occur in all alloys exhibiting isothermal M transformations.
Kakeshita's group, 19) adopting a statistic thermodynamical consideration, developed a phenomenological theory for the nucleation of M crsytals, and showed an equivalence between the athermal and isothermal M transformations. According to their theory, the C-curve of the TTT diagram for the athermal M transformation intersects the vertical temperature axis, while that for the isothermal one does not, the intersected temperature corresponding to the M s . Therefore, it may be considered that the isothermal M transformation is normal and the athermal one is merely a special case. Such a consideration seemed to already exist in the 1950's. 6) As already mentioned, uniaxial stress and magnetic field always promote M transformations, but they make the driving force of the nucleation of M crystals smaller, compared to the case without external forces. Taking such a nucleation condition into consideration, TTT diagrams for the isothermal M transformations in the above Fe-Ni-Mn alloy under the magnetic fields of 0, 3.2 and 5.6 MA/m were calculated using the theory, and are shown in Fig. 5 . 20) The calculated TTT diagrams are in good agreement with measured data marked by circles, triangles and squares, and they are characterized in such a way that nose temperatures and incubation times on the C-curves are shifted toward lower temperature and shorter time sides, respectively.
Hydrostatic Pressure Effects
Shear strain associated with M transformation has not only a component parallel to but also one perpendicular to the shear plane, that is, it is not pure shear but quasi shear. Therefore, M transformations are generally accompanied by some volume change, expansion or contraction, and hydrostatic pressure may suppress or promote the M transformations, resulting in the lowering or raising of M s . Because the hydrostatic pressure opposes or assists the expansion or contraction accompanying with the M transformation, respectively. Some information on the suppression or promotion of M transformations was previously available, and much more information has been additionally obtained by the author's group through detailed experiments in which much higher pressure than that used in previous work was applied.
The change in M s of an Invar Fe-29.9Ni alloy and a nonInvar Fe-24.6Ni-1.8C alloy (at%), the volumes of which expand during M transformations, was examined applying various hydrostatic pressures up to 1.5 GPa. Figure 6 (a) 21) shows the results of the examination, and indicates that M s largely decreases with increasing hydrostatic pressure. The decrease of M s is because hydrostatic pressure opposes the volume expansion, and this is reasonable under ordinary thermodynamical considerations. However, it should be noted that M s of the Invar alloy decreases rapidly, exhibiting an exponential curve, while that of non-Invar alloy decreases almost linearly. The rapid decrease is explained well by considering the spontaneous volume magnetostriction characteristic of Invar alloys, and the author's group has proposed a new equation 22) for the hydrostatic pressure dependence of M s , which is in good agreement with experimental data.
Next, the hydrostatic pressure dependence of M s was examined for a Cu-28.8Al-3.8Ni alloy (at%), whose volume contracts during M transformation, opposite to the expansion in ferrous alloys. The result is shown in Fig. 6(b) , 23) where M s increases only linearly with hydrostatic pressure. This Fig. 7 TTT diagrams of the isothermal M transformation in an 24.9Ni-3.9Mn (at%) alloy under hydrostatic pressures, nose temperatures and incubation times shifting to higher temperature and longer time sides, respectively, compared with those under no hydrostatic pressure. 24) increase is a result of hydrostatic pressure assisting the contraction. There is no complication such as the spontaneous volume magnetostriction in ferrous alloys, and the linear increase is highly consistent with the simple thermodynamical consideration. Thus, hydrostatic-pressure-induced M transformation was realized in the Cu-Al-Ni alloy at temperatures higher than M s , and the associated morphological change was observed in-situ using a microscope specially designed for observations under hydrostatic pressure. The appearance and disappearance of M crystals upon loading and unloading hydrostatic pressure, respectively, were examined in detail, and the growth behavior and morphological change were confirmed to be identical for both hydrostatic-pressure-induced and thermally induced M transformations. Hydrostatic pressure may cause some effect on isothermal M transformations, in a similar manner to the uniaxial stress and magnetic field causing the isothermal to athermal conversion of M transformation. As mentioned already, the hydrostatic pressure suppresses M transformation in ferrous alloys, because of a resistance to volume expansion during the M transformation. Therefore, according to the previously mentioned phenomenological theory for the nucleation of M crystals, the driving force of the nucleation under hydrostatic pressure becomes greater than that under no external force. Considering this situation, TTT diagrams for a typical Fe-24.9Ni-3.9Mn (mass%) alloy, exhibiting an isothermal M transformation, were calculated based on the phenomenological theory for various hydrostatic pressures up to 0.5 GPa. Figure 7 24) shows the calculated TTT diagrams with pressure, which are in very good agreement with experimentally measured data marked by circles, triangles and squares. Nose temperatures and incubation periods of the TTT diagrams shift toward higher temperature and longer time sides, respectively, with increasing hydrostatic pressure, the direction of shift being the opposite to that under uniaxial stress and magnetic field.
Closing Remarks
Some unsolved subjects remaining on M transformations have been discussed, referring to the studies made by the author's group and summarizing the results published by other researchers. As mentioned in the beginning remarks, the final goal of these studies on M transformations is to clarify why, when, where and how the M transformations occur. According to the results of recent studies, the transformations may be initiated when the interaction between lattice displacement waves and electrons at Brillouin zone boundaries reaches some critical condition at a tempeature above M s . Further studies are needed to develop such a consideration, in particular, the delineation of exact electronic band structures at Brillouin zone boundaries of many alloy systems exhibiting M transformations.
A new TEM technique has recently been developed for observing the initiation of M transformation, and it has brought some aspect of the initiation to light. That is, 5-nm-diameter nuclei of M crystals were observed to be formed homogeneously and heterogeneously over the entire area of the A matrix phase and at dislocations or inclusions in the A phase, respectively, similarly to the case of precipitation transformation. However, whether the nuclei were truly grown from precursory strained regions of {110} 110 and/or {100} 001 shear waves has not yet been definitively clarified. Such a clarification is one of the major research topics for the near future. In addition, how the precursory strained region is related to the invariant plane strain and/or lattice invariant strain considered in the phenomenological crystallographic theory is another major research topic.
Uniaxial stress, magnetic field and hydrostatic pressure considerably influence M transformations and various functions associated with the transformations. These influences should be further studied in more detail in order to develop new functions and to improve the known functions. The former two external forces in particular are related to excellent functions, such as the shape memory effect and superelasticity, not expected so far for ordinary metals and alloys, and therefore they should be studied in more detail from the point of view of applications as well as fundamentals.
Finally, the author would like to emphasize the necessity of a steady intention to improve existing instruments and to install new instruments, which will enable unknown critical phenomena of M transformation to be detected precisely, in order to further develop studies on the M transformation.
